Periostin is a mesenchymal cell marker predominantly expressed in collagen-rich fibrous connective tissues, including heart valves, tendons, perichondrium, periosteum, and periodontal ligament (PDL). Knockdown of periostin expression in mice results in early-onset periodontitis and failure of cardiac healing after acute myocardial infarction, suggesting that periostin is essential for connective tissue homeostasis and regeneration. However, its role(s) in periodontal tissues has not yet been fully defined. In this study, we describe a novel human isoform of periostin (PDL-POSTN). Isoform-specific analysis by reversetranscription polymerase chain-reaction (RT-PCR) revealed that PDL-POSTN was predominantly expressed in the PDL, with much lower expression in other tissues and organs. A PDL cell line transfected with PDL-POSTN showed enhanced alkaline phosphatase (ALPase) activity and calcified nodule formation, compared with cells transfected with the full-length periostin isoform. A neutralizing antibody against integrin-αv inhibited both ALPase activity and calcified nodule formation in cells transfected with PDL-POSTN. Furthermore, co-immunoprecipitation assays revealed that PDL-POSTN bound to integrin αvβ3 more strongly than the common isoform of periostin, resulting in strong activation of the integrin αvβ3-focal adhesion kinase (FAK) signaling pathway. These results suggest that PDL-POSTN positively regulates cytodifferentiation and mineralization in PDL cells through integrin αvβ3.
tissue preparation and Immunohistochemical staining
All animal experiments were approved by the Institutional Animal Care and Use Committee. Eight-week-old C57BL/6 mice were acquired from SLC (Shizuoka, Japan) immediately prior to experimentation. Tissue preparation and immunohistochemical staining were performed as previously described (Hou et al., 2012) . Details are described in the online Appendix.
Western blot Analysis
Cells underwent lysis with RIPA lysis buffer (Millipore, Billerica, MA, USA). The protein concentrations of the cell lysates were measured by a Bradford-595 assay (Bio-Rad, Hercules, CA, USA). Aliquots of cell lysates (30 µg protein), cell culture supernatants (25 μL), or immunoprecipitates were separated by 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and transferred onto polyvinylidene difluoride membranes. Details are described in the online Appendix.
cell culture and Induction of pDl cell cytodifferentiation Human PDL (HPDL) cells, dental pulp (HDP) cells, gingival fibroblasts (HGFs), and gingival epithelial cells (HGEs) were cultured according to previously described methods (Murakami et al., 2001 (Murakami et al., , 2002 Shimabukuro et al., 2005 Shimabukuro et al., , 2009 . We previously established a mouse PDL cell line, MPDL22, and used this as described in our earlier publication (Yamada et al., 2007) . Details are described in the online Appendix.
Isolation of periostin Isoforms from human pDl cells
We performed RT-PCR using PrimeSTAR HS DNA Polymerase (Takara Bio, Shiga, Japan) to amplify the open-reading frame of periostin in cDNA derived from human PDL cells. The primers were: (sense) 5′-AGA GAC TCA AGA TGA TTC CCT-3′ and (FLAG ® -tagged antisense) 5′-TCA TCA CTT GTC ATC GTC GTC CTT GTA ATC CTG AGA ACG ACC TTC CCT TA-3′. The PCR products were cloned into pGEM-T (Promega, Madison, WI, USA) and sequenced. The human PDL-POSTN sequences were deposited in GenBank under accession number AY918092. rnA Interference of periostin A small interfering RNA (siRNA) oligonucleotide against the mouse periostin 5′-region was designed to knock down all periostin transcripts, according to Reynolds et al. (2004) . The target sequences included 5′-AAG GGT CAT ACA CGT ACT TCG-3′ (siRNA-1) and 5′-AAC CTG GAT TCT GAC ATT CGC-3′ (siRNA-2), which are located at nucleotides 410-430 and 453-474 of the mouse periostin gene, respectively. Details are described in the online Appendix.
plasmids and transfection

Determination of Alkaline phosphatase Activity and calcified nodule Formation
Alkaline phosphatase (ALPase) activity was measured as previously described (Yamada et al., 2007) . Alizarin red staining of calcified nodules was performed by a method described by Dahl (1952) .
co-immunoprecipitation Assay with conditioned Medium containing recombinant periostin Isoforms
A 500-µL aliquot of conditioned medium containing recombinant FLAG-tagged PDL-POSTN or full-length periostin was incubated with 7.5 μL of anti-FLAG antibody-conjugated agarose (Santa Cruz Biotech, Santa Cruz, CA, USA) for 1 hr at 4°C. After being washed, 1.0 µg of recombinant integrin αvβ3 (R&D Systems, Minneapolis, MN, USA) was added and incubated for 1 hr at 4°C in 0.5 mL of binding buffer [50 mM Tris-HCl (pH 7.5), 150 mM NaCl, 1% Triton X-100, and complete protease inhibitor cocktail (Roche, Indianapolis, IN, USA)]. The precipitates were washed three times with binding buffer and subjected to 10% SDS-PAGE for Western blot analysis by standard techniques. Details on the preparation of conditioned medium containing recombinant FLAG-tagged PDL-POSTN, full-length periostin, or β-galactosidase (as a control) are in the online Appendix.
Intracellular signaling Assay by Immobilized pDl-pOstn stimulation
Aliquots of conditioned medium (500 µL) containing recombinant FLAG-tagged PDL-POSTN or full-length periostin were incubated in 12-well culture dishes for 12 hrs at 4°C to facilitate protein immobilization. The culture dishes were washed three times with PBS, and MPDL22 cells were then plated into the dishes (1×10 6 cells/well). After stimulation at the indicated time-points, cell lysates were subjected to SDS-PAGE.
statistical Analysis
Data are presented as the mean ± standard deviation (mean ± SD). Statistical analyses were performed by Student's t test (for paired comparisons) and one-way ANOVA followed by Bonferroni's post hoc comparison test for multiple comparisons. A value of p < .05 was considered statistically significant.
rEsults specific and high levels of periostin Expression in the periodontal ligament
We used real-time PCR analysis to determine periostin mRNA levels in various human tissues (Fig. 1A) . The highest level of periostin expression was seen in the PDL compared with other tissues, including skin and lung, which are recognized as periostin-positive tissues. We then assessed periostin expression in various human cell lines derived from human oral tissues ( Fig. 1B) . PDL cells showed higher levels of periostin mRNA compared with dental pulp cells, gingival fibroblasts, and gingival epithelial cells. Immunohistochemical analyses of mouse maxilla specimens with an anti-periostin polyclonal antibody reactive for the periostin common region showed strong and specific expression of periostin in PDL tissues (Fig. 1C ).
PDL cells can differentiate into hardtissue-forming cells, leading to the formation of mineralized nodules in in vitro cultures. To assess the possible association of periostin expression with PDL cell differentiation, we analyzed periostin expression in PDL cells during the cell differentiation process. As shown in Fig. 1D , the abundance of both periostin mRNA and protein increased during cell differentiation.
Identification of a periodontalligament-specific Isoform of periostin
A previous study reported that mouse periostin has several isoforms that vary in their C-termini (Horiuchi et al., 1999) . Interestingly, by using an anti-periostin common region polyclonal antibody, we observed multiple periostin proteins of different sizes in human PDL cells ( Fig. 1D ), suggesting the existence of several human periostin isoforms, similar to those seen in mice. To identify the periostin isoforms present in human tissues, we performed RT-PCR analysis of the periostin 3′-region in cDNA from human PDL cells. Multiple PCR amplicons were generated, indicating several isoforms that include this region ( Fig. 2A ). We then attempted to isolate and analyze the full-length mRNAs of these alternatively spliced isoforms. We completed RT-PCR using universal primers that anneal to the open-reading frame of human periostin mRNA. We then cloned the amplified products into plasmid vectors. We sequenced these cDNA clones and made a profile of the periostin isoforms present in human PDL cells ( Fig. 2A ). From this, we identified an isoform whose strong expression in PDL cells was entirely novel. We have named this isoform periodontal-ligament-specific periostin, or PDL-POSTN. RT-PCR analysis with specific primers for the PDL-POSTN isoform revealed that it was expressed only in PDL tissues ( Fig. 2B ) and human PDL cells (Fig. 2C) . The low sensitivity of conventional RT-PCR analysis might be the cause of differences in the expression ratio of the full-length periostin isoform (termed Type I) and PDL-POSTN, as seen in Figs 
pDl-pOstn Enhances the course of pDl cell Differentiation
To identify the function(s) of PDL-POSTN, we transfected the mouse periodontal ligament cell line, MPDL22, with a PDL-POSTN expression vector. We also transfected MPDL22 cells with the full-length periostin isoform (Type I) expression vector or with a LacZ expression vector as a negative control. We cultured the transfected MPDL22 cells in mineralization-inducing medium and measured the ALPase activity ( Fig. 3A) . ALPase activity was significantly enhanced in the PDL-POSTN transfectants. Furthermore, Alizarin red staining of calcified nodules showed that the formation of these nodules was significantly elevated in the PDL-POSTN transfectants compared with the two controls (cells expressing no periostin or expressing periostin Type I). Transfected cells were stimulated with 10% fetal calf serum (FCS), and their proliferative activity was assessed ( Fig.  3C ). Cells transfected with PDL-POSTN and full-length periostin had proliferative responses equivalent to those of FCS stimulation. Because it is difficult to knock down PDL-POSTN specifically in human PDL cells, we examined the effects of general periostin knockdown in MPDL22 cells on the course of cell mineralization. We established MPDL22-transfected cells containing shRNA for common sequences of mouse periostin genes. We obtained two different transfectant cell lines, shRNA-1 and shRNA-2. These cell lines showed reduced periostin expression at the mRNA and protein levels (Fig. 3D ). We cultured shRNA-1 and shRNA-2 in mineralization-inducing medium and measured ALPase activity (Fig. 3E) . ALPase activities were significantly inhibited in the shRNA-1 and shRNA-2 cells compared with the negative control cells.
pDl-pOstn positively regulates pDl cell Differentiation via Direct Interaction with Integrin αvβ3
To clarify how PDL-POSTN regulates PDL cell differentiation, we cultured the PDL-POSTN transfectants with mineralization-inducing medium in the presence or absence of anti-integrin αv neutralizing antibody. Anti-integrin αv neutralizing antibody significantly inhibited ALPase activity and calcified nodule formation in PDL-POSTNtransfected cells (Figs. 4A and 4B, respectively) . Immunoprecipitation experiments with the recombinant FLAG-tagged PDL-POSTN protein and integrin αvβ3 demonstrated that integrin αvβ3 coimmunoprecipitated with periostin ( Fig.  4C) . Interestingly, PDL-POSTN showed a stronger interaction with integrin αvβ3 than did the full-length periostin isoform. We then assessed whether PDL-POSTN activated focal adhesion kinase (FAK), which is downstream of integrin αvβ3 in this intracellular signaling pathway (Schaller et al., 1992) . Western blot analysis with anti-phosphorylated FAK antibody revealed that PDL-POSTN stimulation induced a significantly stronger phosphorylation of FAK in MPDL22 cells than did the full-length periostin isoform (Fig. 4D ).
DIscussIOn
In this study, we have identified a novel isoform of periostin that is specifically expressed in the PDL, and have named it PDL-POSTN. We have demonstrated that PDL-POSTN positively regulates PDL cell differentiation through a direct interaction with integrin αvβ3. These findings suggest that PDL-POSTN influences the differentiation of PDL cells into hard-tissue-forming cells such as cementoblasts and osteoblasts, which function in the homeostasis and repair of PDL tissue. Litvin et al. (2004) reported that periostin-like-factor (PLF), a novel alternatively spliced isoform of periostin, promotes osteogenesis. PLF is expressed in periosteal mesenchymal cells and in trabecular bone osteoblasts, where it accelerates proliferation and differentiation. Although both PDL-POSTN and PLF promote the differentiation of the cells that form hard tissues, PLF and PDL-POSTN are specifically expressed in bone and PDL tissues, respectively. We also confirmed that PDL-POSTN and PLF are independent isoforms. Notably, Western blot analysis with the anti-periostin common region polyclonal antibody detected only a single band in MPDL22 cells (Fig.  3D ). Because MPDL22 cells are a monoclonal cell line (Yamada et al., 2007) , this indicates that this single cell clone produces only a single periostin isoform. These findings suggest that tissue-specific transcriptional regulation of periostin is tightly controlled in each tissue, organ, and cell type. It has been reported elsewhere that periostin is a ligand for integrin αvβ3 and acts during cancer metastasis and heart myoblast regeneration after myocardial infarction (Bao et al., 2004; Kuhn et al., 2007; Shimazaki et al., 2008) . Integrin αvβ3 is involved in many biological functions, including cell adhesion, proliferation, tissue repair, and bone metabolism (Danhier et al., 2012) , notably acting in concert with BMP2 to promote osteoblast differentiation (Lai and Cheng, 2005) . Furthermore, integrin αvβ3 acts on osteoblasts to accelerate cell differentiation (Boutahar et al., 2004) . In this study, we demonstrated that PDL-POSTN interacts directly with integrin αvβ3 in PDL cells to stimulate the integrin αvβ3-FAK signaling pathway and to mediate the cell differentiation process, and that it does so more strongly than full-length periostin. The amino acid sequence of exon A in periostin contains an RGS (Arg-Gly-Ser) motif similar to the RGD (Arg-Gly-Asp) motif known to interact with integrin family proteins (Danhier et al., 2012) , and we speculate that periostin may interact with integrin αvβ3 through this RGS motif. However, all of the periostin isoforms isolated in this study contain this RGS motif, so the fact that PDL-POSTN binds more strongly to integrin αvβ3 compared with full-length periostin may indicate conformational differences in the protein structures of the periostin isoforms. It is also possible that other molecules, such as collagen type I, may bind to periostin and contribute to the periostin and integrin αvβ3 interaction. Further study is required to investigate the molecular basis of the interaction between PDL-POSTN and integrin αvβ3.
The C-terminal region of periostin is involved in cancer metastasis, and its deletion in cancer cells results in suppression of cell mobility and proliferation, suggesting a role for this region in regulating periostin protein functions (Yoshioka et al., 2002) . In this study, we demonstrated that differences in the C-terminal sequence affected the level of cell differentiation but not the level of cell proliferation in PDL cells. This indicates that the C-terminal region may underlie differences in molecular function of the various periostin isoforms. Further studies to investigate the key functional motifs within the C-terminal of PDL-POSTN are ongoing. Rios et al. (2008) clearly demonstrated that periostin is essential for the integrity and function of the periodontal ligament during occlusal loading in mice. Functional analyses in our study indicated that PDL-POSTN may be involved in the homeostasis of the mature periodontal ligament tissues in vivo.
We speculate that PDL-POSTN is induced by the cellular response to tissue damage, and participates in the regeneration of periodontal ligament tissues as a positive regulator of PDL cell differentiation into osteoblasts or cementoblasts. Mechanical stress induces periostin expression through TGF-β in PDL cells (Rios et al., 2008; Wen et al., 2010) , while Sidhu et al. (2010) reported that periostin forms homodimers that may be involved in the cross-linking of collagen fibers and/or collagen fibrillogenesis in bronchial epithelial cells. PDL-POSTN may also form homodimers or heterodimers with other periostin isoforms in the PDL. Further studies are required to explore PDL-POSTN functions regarding the response to mechanical stress, dimer formation, and/or collagen fibrillogenesis in the PDL. However, the involvement of PDL-POSTN in periodontal development of the tooth germ is poorly understood. Further studies to identify the murine counterpart of PDL-POSTN and to determine its expression during tooth development and/or to generate PDL-POSTN transgenic animals would provide invaluable information to clarify the role of PDL-POSTN in development.
In conclusion, this study reveals that PDL-POSTN is a periodontal-ligamentspecific molecule that promotes the course of PDL cell differentiation through a direct interaction with integrin αvβ3. These findings suggest that PDL-POSTN is a key factor in PDL tissue homeostasis in vivo.
